Coffee seed development is accompanied by severe modifications in water soluble proteins, several of these being associated to a specific developmental stage. For this reason, a proteomic approach has been used to describe spatial-temporal proteome modifications in zygotic embryos at different stages of seed development. Embryos from Coffea arabica seeds were harvested in two different developmental stages: stage 1 at 210 days after anthesis and stage 2 at 255 days. Total proteins were extracted and submitted to 2-DE. From these gels, several spots were identified by mass spectrometry including kinases, MYB transcription factor and enzymes involved in metabolic pathways. All proteins identified seem to affect coffee development in different ways, being directly involved in plant growth or used as an intermediate in some metabolic pathway that, indirectly, will influence coffee development. This is the first work using two-dimensional electrophoresis followed by mass spectrometry analyses that evaluates the expression of proteins during coffee zygotic embryos development. Data here reported supply some light over coffee development and could be used in a near future to improve coffee plants' growth and development by molecular strategies.
Introduction
The two coffee species most commonly cultivated in the world are Coffea arabica and Coffea canephora. Due to the economic and agricultural importance of coffee, several studies have been accomplished to genetically improve this grain. A special focus has been given, for example, to the identification of the genes encoding methyltransferases, which seem to have crucial importance for caffeine biosynthesis [1] . Furthermore, some studies are also related to increase coffee production or to improve tolerance to biotic and abiotic stresses. Earlier reports showed the identification and characterization of C. canephora leaf compounds such as caffeoylquinic acids involved in abiotic stress response and also plant development [2] . The comparative evaluation of caffeine, chlorogenic acids, fat, trigonelline and sucrose was carried out in order to shed some light over coffee resistance/susceptibility toward plant pests [3] .
Although some papers compare coffee resistance against biotic and abiotic stresses, few reports aim to study the development of coffee from a molecular perspective [4] . One example consists on the evaluation of gibberellins and ethylene in coffee seeds and seedlings [5, 6] . Gibberellins could change coffee seed germination, causing cell death in the embryo and leading to inhibition of radicle protrusion [1] .
Proteomics permits qualitative and quantitative measurements of a great number of proteins that are directly involved in cellular biochemistry, providing accurate analysis of the cell state or system changes during growth, development, and response to environmental factors. Due to the fact that proteomics is able to reveal both chemical complexity and biological dynamics, it allows functional information of the biochemical processes underlying phenotypes that are not accessible or predictable by other means [7] . Thousands of different proteins can be visualized in a 2D gel, allowing an overall analysis of the total content of proteins expressed in an organism [8] . The identification of proteins can be performed by mass spectrometry which determines molecular masses with great accuracy [8] . However, only few studies of coffee using proteomics and 2D gels have been reported [36, 37] . One of these showed the comparison of green and roasted coffee beans to identify the differences that lead to flavor development [9] .
In this work, coffee zygotic embryos from C. arabica seeds harvested in two different developmental stages were evaluated by proteomic analyses aiming to study protein expression patterns. Water soluble seed proteins were extracted and submitted to 2-DE and several spots were identified by mass spectrometry. The identification of these proteins contributes to the understanding of the molecular mechanisms of coffee development. In the future, this information may be used to improve coffee plants' growth and development by molecular strategies.
Materials and methods

Zygotic embryos and protein extraction
C. arabica fruits of the Catuaí Vermelho IAC-99 cultivar were collected at two developmental stages: stage 1 at 210 days after anthesis (DAA) and stage 2 at 255 DAA. Stage 1 consists of 210-220 days after anthesis, which corresponds to the developmental stage when the germinability is acquired. Moreover, Stage 2 is 250-260 days after anthesis and was also defined as a stage in which germinability is vigorous, especially in metabolic processes [38] . According those same authors [38] , both stages represent different contrasting developmental stages of coffee fruit and several deep modifications occur at the physiological and molecular level. Embryos were isolated and further used for protein extraction. Each sample was separately grinded in a liquid nitrogen pre-cooled mortar by using a pestle and water-soluble proteins were extracted according to the De Mot and Vanderleyden [10] protocol in the presence of inhibitor cocktail (GE HealthCare) at a standard concentration of 1 mM. Approximately 0.1 g of the resulting ground tissue was placed into a 1.5 mL tube with 1 mL of extraction buffer consisting of 0.7 M sucrose, 0.5 M Tris-HCl, 30 mM HCl, 50 mM EDTA, 0.1 M KCl and 40 mM DTT. An equal volume of phenol was added and after 15 min of vigorous shaking, the sample was centrifuged at 4000 Â g and re-extracted twice with the extraction buffer. Proteins were precipitated in 5 volumes of 0.1 mM ammonium acetate in chilled methanol at À20 C for 2 h. Precipitates were washed with acetone and resuspended in 40 mL of GE HealthCare lysis buffer. The protein content was estimated according to Bradford [11] .
Gel electrophoresis analyses
Isoelectric focusing and molecular mass separation were conducted according to Gorg et al. [12] , using 13 cm immobilized pH gradient (IPG) strips with a pH range of 3-11 and a Multiphor II electrophoresis system (GE HealthCare). Samples were precipitated using a 2D Clean-Up Kit (GE HealthCare) and approximately 600 mg of total protein were resuspended in 250 mL solution of 2% CHAPS, 8 M urea, 2 M thiourea, 1% dithiothreitol (DTT), traces of bromophenol blue and 1% IPG Buffer. Protein concentration was calibrated by Bradford [11] and also by Qubit fluorescence standard kit (Invitrogen) according to the manufacturer manual, where strips were loaded with identical protein quantities. Strips were hydrated in this solution for 16 h. Isoelectric focusing was carried out in gradient mode for 30 min at 500 V, 30 min at 1000 V, 90 min at 3500 V and 6 h at 3500 V, at 2 mA and 5 W. After the first dimension, strips were equilibrated in a solution of 1.5 M Tris-HCl pH 8.8, 6 M urea, 1% DTT, 30% glycerol, traces of bromophenol blue and 2% SDS for 15 min. A second dimension was performed in 18 Â 16 Â 0.1 cm SDS-PAGE 12% gels, as described by Laemmli [13] with bromophenol blue used as tracking dye. Electrophoresis was conducted on a Hoefer system (GE HealthCare) at 250 V, 50 mA and 10 W for 6 h. Gels were silver stained according Blum et al. [14] . The broad range isoelectric point marker (GE HealthCare) was also used for posterior pI identification on gels as well molecular weight markers (GE HealthCare). Each protein sample was analyzed in triplicate. Gels were digitalized using the scanner HP Scanjet Model 8290 and further analyzed with the BioNumerics software v. 4.5 (Applied-Maths). First, calibration with a gray scale was necessary to transform gray levels into values for each pixel of the gel picture. The calibration method used a calibration curve from BioNumerics software. All gel pictures were analyzed as tiff files. The six gel images were placed in one folder and the wizard detection method proposed by the software was used for spot detection. Automatically detected spots were manually checked, and some of them manually added or removed according to the size (>0.2 cm was used as the cutoff limit for inclusion), shape (circular) and density (>2 pixel cm À1 ). Following the detection procedure, the normalization step was carried out to attribute a common protein identity for identical spots from different gel images. For this procedure, a reference gel was constructed and automatically matching options of BioNumerics software were used. For each sample, when a protein was detected in all gel images, this protein was automatically added to the reference gel.
Protein digestion
The most intense spots were excised from gels using a scalpel. A protein in-gel digestion with trypsin Gold (Promega) was conducted following the protocol described by Shevchenko et al. [15] .
Briefly, 300 ml of 100% acetonitrile was added to the tubes and incubated for 5 min. Supernatant was removed and spots were dried in a SpeedVac for 5 min. Samples were incubated for 60 min at 56 C in a solution containing 50 mL of 10 mM DTT and 100 mM NH 4 HCO 3 . The solution was replaced with 50 mL of 55 mM iodoacetamide and 100 mM NH 4 HCO 3 and incubated in the dark for 45 min. Spots were rinsed twice with MilliQ water (Millipore) for 10 min, and exposed to 100 mL of 100% acetonitrile for 5 min. Excess acetonitrile was removed and again spots were dried in a SpeedVac for 5 min. Protein digestion was carried out using 650 ng trypsin diluted in 50 mL of 50 mM NH 4 HCO 3 and 6 mM CaCl 2 , with overnight incubation at 37 C. The supernatant was used for mass spectrometry analysis.
Protein identification by mass spectrometry
Monoisotopic masses of the molecular components from digested peptides ranging from m/z 600 to 6000 were determined by mass spectrometry using a 4700 MALDI-TOF/TOF (Applied Biosystems, Framingham, MA) controlled by the manufacturer's softwares. A sample of 2 mL was mixed with 6 mL of 0.1% a-cyano-4-hydroxycinnamic acid, 0.1% trifluoroacetic acid and acetonitrile (1:1). A volume of 0.5 mL was applied to a MALDI's plate and air dried at room temperature. The spectrometer was operated in linear mode for MS acquiring and reflected mode for MS/MS acquisitions using modulated power with 200 random shots. Data was saved in standard Bruker's software format. Spots were identified using Peptide Mass Fingerprinting (PMF) and de novo sequencing. The mass list for each sample was analyzed using the program MASCOT v2.1.0, Matrix Science, London (http://www. matrixscience.com) assuming one missed cleavage, carboxymethylation and methionine oxidation as modifications. The lists of masses were compared against the non-redundant NCBI database. Results were evaluated by comparing the molecular mass and isoelectric point of the hit of highest score to data here reported observed in 2D gels. De novo sequencing was conducted manually, subtracting the masses from y series and comparing to amino acid masses. Sequences were then compared to the Swiss-Prot Data base (www.expasy.org) using the MPSrch tool from the European Institute of Bioinformatics (EBI). Only protein hits with molecular mass and isoelectric point values similar to those found on gels, together with coverage, similarity and tryptic digestion pattern were considered as a match.
Results and discussion
Comparative analyses of protein maps
Water soluble proteins were extracted from zygotic embryos at two different developmental stages of C. arabica seeds. Stage 1 corresponding to 210 days after anthesis (DAA) and stage 2-255 DAA. Stage 1 is directly related to developmental stage of starting germinability. Moreover, Stage 2 was distinct as a stage in which germinability is vigorous, especially in metabolic processes [38] . After extraction, two-dimensional gels from coffee embryos were obtained (Fig. 1A for stage 1 and B for stage 2) , using a pH range varying from 3.0 to 11.0 and molecular mass varying from 14 to 181 kDa (Fig. 1A for stage 1 and B for stage 2). Protein maps obtained from two independent samples were scanned and further compared to identify differences in protein expression using the BioNumerics software. Each protein sample was analyzed in triplicate and corresponding gels showed correlation values higher than 0.9 (data not shown).
Two-dimensional gels from the first stage of coffee seed development analyzed showed 185 spots, distributed throughout the gel. pI and molecular masses of identified proteins varied from 4.5 to 9.0 and from 10 to 140 kDa, respectively (Fig. 1A) . Most of the spots were situated between pIs 5.0 and 7.0, where the most abundant proteins are also located. A similar profile was observed for stage 2 of C. arabica seed development (Fig. 1B) , where a high quantity of spots were resolved, showing proteins with pH varying from 4.5 to 9.0, and molecular masses ranging from 10 to 115 kDa (Fig. 1B) . Nevertheless, only differential spots were chosen for protein identification. Among all spots, only 10 proteins were observed in one or another developmental stage at triplicate gels. Stage 1 showed four differential proteins expressed (spots1-4, Fig. 1A ) and at stage 2D-E, six proteins were differentially expressed (spots 5-10, Fig. 1B ). These ten spots were further identified by MS analyses as described above.
Mass spectrometry protein identification at earlier stage embryos
Spots were sliced, trypsinized, submitted to mass spectrometry analyses (MALDI-ToF) and further analyzed. They were mainly situated between pH 4.5 and 8.0 and with molecular mass varying from 13 kDa to 85 kDa (Table 1) . Mascot and BLAST analyses of these protein spots revealed clear similarities to proteins involved in plant development and germination (Table 1) .
Protein spot 1, observed only at stage 1, showed similarity to U1 snRNP 70K protein from Arabidopsis thaliana (Table 1) [16] . This protein was earlier described as being involved in pre-RNAs splicing, and there are some evidences that U1 snRNA genes are differently expressed during plant development [17] . U1 snRNAs were previously described in bean [18] , pea [19] , tomato [20] , wheat [21] and potato [29] . They have been shown to be encoded by multiple genes that occur in clusters [22] . A U1 snRNA is the most abundant snRNA in eukaryotic cells and is essential for pre-mRNAs splicing [23] , especially at earlier stages of development. Furthermore, two different spots of coffee were also identified by fingerprint analyses as protein kinases, showing similarities to proteins from Petroselinum crispum and A. thaliana (Table 1 , spot 2 and 7) [34] . Mitogenactivated protein kinases (MAPKS) are activated after phosphorylation of tyrosine and threonine residues, and their pathways can be stimulated by several reasons, including growth factors, cytokines, irradiation and changes in osmolarity [35] . In fact, it is difficult to relate the kinase activity to a single developmental stage, where spot 2 appears at stage 1 (Fig. 1A) and spot 7 at stage 2 (Fig. 1B) , since this enzyme class could be involved in a wide diversity of processes.
Protein spot 3, also recovered from stage 1 gels showed similarity to an oxygen evolving enhancer protein from Bruguiera gymnorhiza ( Table 1) . This protein has been related to plant metabolism, growth and development, as well as to signaling defense against the presence of pathogens [29] , being this presence at earlier stages an indicative of intense occurrence of metabolic processes. Finally, the last protein spot identified at stage 1, numbered as 4, corresponding to one more protein of C. arabica from stage 1 identified by 2D-electrophoresis, showed homology to an ATP synthase from Trachycystis flagellaris Fig. 1 . Two-dimensional gels of C. arabica embryos at the developmental stage 1 (210-220 days after anthesis -A) and 2 (250-260 days after anthesis -B). Numbers represent the differential spots further identified by mass spectrometry technology. Numbers on the left side of the gel correspond to the molecular masses. Numbers on the top correspond to pI range.
( Table 1 ) [24] . ATP synthases catalyze the synthesis of ATP from ADP at bacterial, mitochondrial and chloroplast membranes [25] . This is the main and last process for energy production in all live organisms, composed by an enzyme complex [26] .
Mass spectrometry protein identification at latter stage embryos
As in the first stage, the second one also generates differential proteins. Initially, some protein spots showed clear similarity to proteins not directly related to plant growth and development. For example spot 5 (Fig. 1B, Table 1 ) showed similarity to a hypothetical protein from Oryza sativa. Moreover, a ribulose-1,5-biphosphate carboxylase/oxygenase was identified on spot 6 from stage 2 C. arabica (Table 1) . Ribulose-1,5-biphosphate is one of the components of Calvin-Benson-Bassham cycle, being the product of catalysis by a phosphoribulokinase [28] . 1,5-Biphosphate carboxylase/oxygenases occupies a central position in the carbon global cycle and is a key enzyme for conversion of inorganic carbon dioxide into organic cellular components [28] , and it is unusual that this protein has also been identified at developmental stage 2.
A glutaredoxin family protein (spot 8) was also identified at the second stage as being similar to A. thaliana molecules (Table 1, Fig. 1B ). Earlier studies described those genes encoding glutaredoxins are related to defects in sepal and petal development in flowers, as well in oxidative stress in plants [27] , being commonly found when embryos start cell differentiation. Furthermore, a fingerprint analysis of spot 9 revealed a protein with similarity to MYB transcription factor R2R3 type isolated from Populus sp. [30] . This MYB factor seems to be involved with signaling mechanisms related to secondary wall and lignin formation, as well as to cellulose biosynthesis and xylem development [31, 32] . This protein class has been associated with the control of tannin product, being involved in some stage of the proanthocyanidins (PAs) biosynthesis metabolic pathway [33] .
Finally, protein spot 10 ( Table 1 , Fig. 1B ) showed similarity to CTP: phosphocholine cytidyltransferase. This enzyme is a rate-limiting enzyme in biosynthesis of phosphatidylcholine in plant cells [39] . The role of complex lipids in plant physiology and cellular metabolism has remained under debate. The biosynthesis of phosphatidylcholine (PC) in plants is of particular interest, since some freezing tolerance has been correlated with changes in phospholipid content of plant systems [40] . Nevertheless, this is a new observation of a CTP: phosphocholine cytidyltransferase at different plant developmental stages. This fact could occur due a clear modification of lipid content during plant development.
In summary, it could be observed that C. arabica presents differential expression of diverse proteins related to development during both stages analyzed. All proteins identified seem to affect directly or indirectly coffee development by different manners, being strictly involved in plant growth or used as an intermediate in some metabolic pathway that could influence coffee germination. Furthermore, the identification of such proteins expressed during two stages of development in C. arabica can now be used as an important tool for future experiments. By using genetic engineering techniques, the specific role that each one of these proteins play in coffee embryo development can now be studied, improving coffee embryo development. 
